ABSTRACT: This work reports the microwave-assisted fabrication of highly conducting Al-doped ZnO (AZO), Gadoped ZnO (GZO), and Al, Ga codoped ZnO (AGZO) materials as cheaper earth abundant alternatives to indium tin oxide (ITO) for transparent conducting applications. All three doped ZnO powder samples were compressed into pellets, and their electrical properties were evaluated after the postsynthesis heat treatment. The heat treatment was performed by sintering the pellets at 600°C in a reducing atmosphere using either conventional radiant annealing for 3 h or microwave annealing for 90 s. The Al and Ga dopant levels were systematically varied from 0.5 to 2.5 at. %, and it was found that the lowest resistivity values for the pelleted singly doped ZnO powders exist when the doping level is adjusted to 1.5 at. % for both AZO and GZO, giving resistivity values of 4.4 × 10 −3 and 4.3 × 10 −3 Ω·cm, respectively. The lowest resistivity of 5.6 × 10 −4 Ω·cm was achieved for the pelleted codoped AGZO powder using the optimized Al and Ga dopant levels. Notably, this value is one magnitude lower than the best literature reported value for conventionally synthesized codoped AGZO powder. The resistivity values obtained for the pellets after radiant and microwave postsynthesis heat treatment are comparable, although the microwave heat treatment was performed only for 90 s, compared to 3 h for conventional radiant heat treatment. Hence, significant gains were made in the postannealing step by reducing time, cost, and energy required, benefiting our thrust for finding sustainable routes toward alternative low-cost transparent conducting oxides. As a proof of concept, transparent conducting thin films were fabricated via a simple aerosolassisted deposition technique using our best conducting AGZO nanoparticles. The films exhibited a visible transmittance as good as 90% and a resistivity of 5.7 × 10 −3 Ω·cm, which can compete with the existing high cost ITO films.
■ INTRODUCTION
Transparent conducting oxides (TCOs) are of great importance in modern life due to their applications as coatings in electronic and optoelectronic devices such as solar cells, touch screen displays, flat panel displays, automobile/aircraft windows, and organic light emitting diodes (OLEDs). 1 Typically, indium tin oxide (ITO) is the TCO of choice; however, the cost of ITO has steadily increased recently due to the rarity of In. Therefore, research has intensified to find sustainable alternatives to ITO, with doped ZnO showing many favorable characteristics, most notably low cost. Various methods, including coprecipitation, hydrothermal processes, sol−gel, spray pyrolysis, aerosol-assisted methods, pulsed laser deposition, and magnetron sputtering, have been widely used to develop ZnO based TCOs. 2−5 Controlling atomic level doping during the synthesis of ZnO is challenging due to native defects present in the hexagonal wurtzite structure, which alter the optical and electrical properties of the material. 6−8 Structural defects also can be dependent on the atmosphere in which the ZnO material is grown and the postsynthesis heat treatment. 9, 10 Oxygen vacancies can be filled or manipulated by changing the annealing atmosphere. For instance, annealing under an O 2 atmosphere could reduce the number of oxygen vacancies in the lattice and hence cause a reduction in the number of charge carriers present in ZnO films. 6 On the other hand, annealing under reductive atmospheres (i.e., H 2 -rich atmospheres) increases the n-type conductivity of ZnO by passivating the Zn vacancies. 11 In this condition, hydrogen also can be substituted on an oxygen site and form a multicenter bond with the four nearest-neighbor Zn atoms. The substitutional hydrogen has a low formation energy and acts as a shallow donor. 12 Additionally, zinc interstitials can form complexes with ambient nitrogen, which act as shallow donors to further increase the conductivity of ZnO. 13 Alongside atmospheric conditions, annealing time and temperature are two other parameters that can have an influence on the electrical properties of doped ZnO films. 14, 15, 8, 16 Even though these effects are extensively reported by many researchers, the exact effect of the annealing time on the structural and optoelectronic properties of doped ZnO is still unclear and widely debated.
Extensive efforts have been undertaken to improve the transparent conducting properties of ZnO, and it has been shown that various elements, such as Al, Ga, Cu, In, or Se, can be used as dopants which considerably enhance the electrical properties of ZnO. 17 Al-doped ZnO (AZO) has shown poor humidity stability compared to Ga-doped ZnO (GZO). However, conducting GZO is not an ideal alternative TCO due to the high cost associated with Ga. 18, 19 Therefore, research has focused on the codoping of ZnO with Al and Ga (AGZO) as a sustainable TCO material with enhanced electrical properties. For instance, both Al and Ga are simultaneously introduced into the ZnO structure as dopants. Zhang et al. investigated the structural and electronic properties of AGZO powders synthesized by chemical coprecipitation. They observed a smaller grain size in AGZO powders compared to AZO, suggesting that the codoped material is better for high quality ceramic target preparation. Their sintered AGZO pellets exhibited a resistivity of 2.518 × 10 −3 Ω·cm. 20 Furthermore, a resistivity value of 9.0 × 10 −3 Ω·cm was reported for AGZO powder synthesized using the continuous hydrothermal flow synthesis (CHFS) method followed by sintering the pellets by conventional radiant annealing under 5% H 2 /N 2 gas flow at 500°C for 3 h. 21 In recent years, a great deal of interest has been generated for the synthesis of materials under the irradiation of microwaves as an alternative advanced material synthesis technique. Volumetric heating by microwave radiation leads to fast reaction rates, and rapid and uniform heating throughout the reaction mixture, which cannot be achieved by conventional radiant annealing methods. Heat generation in materials by microwave energy is fundamentally different from conventional radiant heating, conduction, or convection heating. In the microwave process, heat is generated within the material itself, instead of originating from external heating elements. In other words, microwave heat generation is due to an energy conversion process rather than a heat transfer process. Thus, the microwave synthesis technique has produced inorganic materials with unique properties that cannot be achieved by other methods which use conventional thermal processing. 22 Recent reports indicate that microwave-synthesized TCO materials possess significantly improved conducting properties by enhancing crystallinity and modifying the intrinsic defects. For example, Feldmann et al. reported the microwave synthesis of ITO and AZO pelleted powders in polyol media with resistivity values of 1.1 × 10 −2 Ω·cm and 5.1 × 10 −1 Ω·cm, respectively. 23, 24 Niederberger et al. synthesized AZO by a microwave-assisted nonaqueous sol−gel route in benzyl alcohol and then processed it into a TCO thin film. They reported a minimum resistivity value of 2.35 × 10 −2 Ω·cm for their AZO thin film after postsynthesis heat treatment. 25 However, to the best of our knowledge, there are very few literature reports available on microwave-assisted synthesis of TCOs.
In this study, we synthesized conducting AZO, GZO, and codoped AGZO powders by a single-step microwave-assisted synthesis method. The conductivity of the powders was tuned by varying the Al and Ga dopant amounts. The lowest resistivity values of 5.6 × 10 −4 Ω·cm and 5.7 × 10 −3 Ω·cm were achieved for Al (1.5 at. %) and Ga (1.5 at. %) codoped pellets and thin films, respectively. Furthermore, the resistivity and the transparency of the AGZO thin film reported in this work show promising signs of utilizing this cost-effective alternative to replace expensive ITO.
■ EXPERIMENTAL METHODS
Powder Synthesis. AZO, GZO, and AGZO powders were prepared by microwave synthesis. In this method, Zn(CH 3 COO)· 2H 2 O (1.00 g) (BDH Chemicals) was used as the ZnO precursor. Appropriate atomic percentages of Al 3+ and Ga 3+ were added to the ZnO precursor in the form of AlCl 3 ·6H 2 O (Sigma-Aldrich) and Ga(NO 3 ) 3 ·xH 2 O (Sigma-Aldrich), which were dissolved in diethylene glycol (DEG) (45 mL) (Sigma-Aldrich) and deionized water (5 mL). The solution was stirred for 1 h to obtain a clear, transparent solution. The clear solution was transferred to a fluorocarbon polymer (TFM) vessel after purging with Ar for 5 min. The vessel was sealed after purging with Ar prior to being placed in the microwave synthesizer (Anton Paar Multiwave PRO, 2.45 GHz, 1500w) at 200°C for 30 min. The microwave heating ramp rate was 20°C/min, and the timing of the reaction was started when the vessel reached the desired temperature of 200°C. After the reaction was completed, the vessel was allowed to cool to room temperature before removal of the reaction product mixture from the microwave reactor. Temperature, pressure, and microwave power profiles for a typical reaction are given in the Supporting Information in Figure S1 . After the reaction had taken place, the clear reaction solution mixture had transformed to an opaque suspension, which was then centrifuged, washed with ethanol, and placed in an oven at 60°C for 1 h to evaporate the solvent completely. The dried powder was annealed at 450°C for another hour using a hot plate. The powders were then compressed into pellets using a Specac manual hydraulic press under a 10 ton load. The annealed, metal-doped powder was then used to prepare pellets. Figure S2 provides a step-by-step scheme of microwave synthesis of doped ZnO powder.
Postsynthesis Heat Treatment of Pellets. The pellets prepared using microwave-synthesized AZO, GZO, and AGZO powders were treated by both conventional radiant and microwave-assisted heating techniques. Conventional radiant heating was conducted in a tube furnace (MTF-10-25-130, Carbolite, UK) with a ramp rate of 15°C min −1 to 600°C and then held for 3 h under a steady 5% H 2 /N 2 flow of 1825 mL·min −1 before allowing cool down to room temperature under the same gas flow. The microwave-assisted annealing was carried out using a microwave oven (Microwave research Applications Inc. BP-211/50, USA) operating at 2.45 GHz frequency with a maximum power of 3000 W. The microwave heat treatment was facilitated by using SiC susceptor tiles, placed on both sides of the doped ZnO pellets. The heat loss was minimized by shielding the sample within thermally insulating blocks. 26, 27 The pellets, SiC tiles, and insulating blocks were placed inside a custom-made quartz vessel fitted with a gas inlet and outlet and a zirconium oxide window to allow monitoring of the temperature using an IR thermometer. Prior to the microwave annealing, the quartz vessel containing the TCO pellet was purged with the 5% H 2 /N 2 gas mixture at 1825 mL min −1 (BOC, UK) for 5 min. The microwave heat treatment was provided under a constant gas flow of 5% H 2 /N 2 for 90 s. During the heat treatment, the temperature of the SiC susceptor was monitored using an infrared temperature probe (Mikron infrared Inc. M67/M67S series, USA) with an error of ±5°C. After 90 s, the temperature of the susceptor reached 600°C. Once the 90 s microwave annealing step
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Thin Film Fabrication. Aerosol-assisted chemical transport (AACT) was used to fabricate thin films from nanoparticle suspensions. This method has been recently developed in our laboratory and has been used to deposit transparent conducting ITO thin films. 26 For the deposition, an AGZO nanoparticle suspension was prepared by dispersing 0.2 g of washed powder (ca. 50 wt/v%) in 50 mL of methanol (100%, VWR Chemicals). In order to obtain a better dispersion, 0.05 mL of formic acid was added to the nanoparticle suspension. 28 Moreover, ethyl cellulose (0.01 g) (SigmaAldrich) was added as a binding agent. 26 The suspension was then sonicated for 5 min using a sonicator probe (S-4000, Misonix, Inc., USA). The TCO films were deposited on 1 × 8 cm 2 float glass (NSG, Pilkington, UK). Prior to the deposition, the substrates were cleaned ultrasonically with doubly distilled water, acetone, and propan-2-ol, and then stored in ethanol. In the deposition, an ultrasonically produced aerosol containing AGZO nanoparticles was directed via an N 2 gas flow (BOC, UK) at an optimized flow rate of 323.27 mL min −1 toward the substrate, which was held at 400°C (optimized temperature) in a tube furnace (MTF-10-25-130, Carbolite, UK). The deposition was carried out for 60 min in order to obtain a better surface coverage.
Characterization. The structural and surface analysis was carried out for the optimally doped AZO, GZO (i.e. 1.5 at. %), and AGZO powders. The surface compositions were studied by XPS analysis. The measurements were conducted using a Thermo Scientific (model KAlpha) spectrometer for a 400 × 400 μm 2 area. Particle size distributions of the as-synthesized powders in the reaction mixtures were monitored using a Zeta-nano from Malvern Instruments. The surface morphology of the powders was investigated using a Leo 1530 VP field emission gun scanning electron microscope (FEGSEM) at an accelerating voltage of 5 kV and a working distance of 5 mm. The phase and crystallinity of the TCO powders were characterized using a Bruker AXS Advance X-ray diffractometer with primary monochromatic high intensity Cu Kα (λ = 1.541 Å) radiation and a position sensitive detector. To calculate the c and a lattice parameters, the Rietveld analysis technique was used. 29, 30 The electrical properties were measured with a four-point probe conductivity meter (Jandel, HM20, Jandel Engineering Ltd., Linslade, UK) and with a Hall effect measurement system, using the Van der Pauw method to determine the bulk resistivity of the TCOs. The pellets were subjected to an input current of 10 mA and a calibrated magnetic field of 0.58 T. The transverse voltage was then measured. The measurement was repeated by reversing the direction of the magnetic field and the current. For the measurements, an ECOPIA Hall effect measurement system (HMS-3000) was used. The optical transmittance measurements of the thin films were conducted using a dual beam PerkinElmer Lambda 35 UV−vis spectrometer (PerkinElmer, Massachusetts, US) over the wavelength range 300−800 nm.
■ RESULTS AND DISCUSSION
Composition, Structure, and Surface Morphology. The bonding states of Al, Ga, Zn, and O on the surface of the optimal (1.5 at. %) AZO, GZO, and AGZO powders were investigated by XPS surface analysis (Figure 1a) . The intense peak at 1022.27 eV was assigned to the Zn 2p 3/2 corresponding to ZnO (Figure 1b) . Since the peak is relatively narrow and 
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Research Article symmetric, it is believed that Zn predominantly exists in an oxidized state, as also confirmed by XRD. 31, 32 The Al 2p peaks located at 75.22 and 75.01 eV in Figure 2a correspond to the Al−O bond in AZO and AGZO, respectively. The characteristic peak of metallic Al (72.7 eV) was not observed in both powders. 33 The XPS spectra of GZO and AGZO (Figure 2b ) show peaks present at 1117.79 and 1118.71 eV, respectively, which are characteristic of Ga 2p 3/2 in Ga−O. 34 Metallic Ga with a binding energy of 1116.70 eV was not observed in any of these two powder samples, confirming the presence of Ga 3+ as dopant. In addition, small amounts of C (284.90−285.89 eV) and Cl (200.09 eV) were also present at impurity levels. The rest of the peaks present in the XPS spectra are auger peaks of the elements mentioned above.
The O 1s spectra recorded for all three powder samples ( Figure 3) 35, 36 It is noteworthy that the O I peak was found to be the dominant peak in the O 1s spectra in all three doped ZnO powder samples, which is indeed the expected pattern. Table S1 shows the elemental composition for the singly doped and codoped powders from the XPS measurements. As expected, the Al and Ga contents of AZO and GZO increase, respectively, with increasing dopant concentration in the precursor solutions. However, the dopant levels in the powder from the XPS measurements were found to be higher than expected from the initial concentrations in the precursor solutions, indicating that the dopants are more concentrated at the surface of the nanoparticles compared to the bulk.
The particle size distributions of the as-synthesized powders were measured using dynamic light scattering (DLS) in diethylene glycol (Figure 4) . The measurements were carried out using suspensions that were diluted enough (0.001g/L) to deter particle-to-particle interactions. The average particle sizes of GZO and AZO were 100 and 250 nm, respectively, for the optimum 1.5 at. % doping level. The effect of precursor concentration on the average particle size distribution was investigated for the optimized AGZO powder, with different concentrations of precursor varying from 0.025 to 0.1 mol· dm −3 . It was observed that reducing the concentration results in a smaller average particle size distribution. The lowest average particle size (∼85 nm) was detected for the suspension with 0.025 mol·dm −3 concentration, which was stable as a colloid for more than a month. Suspensions of conducting materials with this level of stability could be used in developing TCO ink formulations for inkjet printing, which is beyond the scope of the present work. 
Research Article Figure 5 shows the morphology and structural features of assynthesized optimal AZO, GZO, and AGZO powders. Both singly doped and codoped powders exhibited a broad size distribution with particles around (100−200) nm. The FEG-SEM images of powders clearly show polycrystalline clusters of nanoparticles which are mostly spherical. Formation of these agglomerated spherical clusters is most likely due to the high surface energy of individual nanoparticles. 37 Figure 6 shows the surface morphology of AGZO pellets subjected to 90 s of microwave sintering and 3 h of radiant annealing at 600°C. No cracks were seen through the pellets surfaces. However, cavities are visible between the grains in both pellets after heat treatment. A color change in the pellets (Figure 7 ) was observed after heat treatment, implying a shift from lower density to higher density. 38 Figure 8 shows the X-ray diffraction spectra of microwavesynthesized pure ZnO, and the best singly doped and codoped powders, which gave the lowest resistivity values. The powder samples exhibited only the polycrystalline ZnO reflections, with a preferred orientation of (101), indicating a preferential orientation of the crystals along the a and c axes. 39, 24, 25 All doped and undoped powders crystallized in the wurtzite structure. 40 No other phases were detected in the XRD data. The high crystallinity of the microwave-synthesized powders was implied by the sharpness and the relatively high intensity of the reflections in the XRD patterns. It is well-known that volumetric heating by microwaves produces materials with a greater level of crystallinity than those produced by many other conventional synthesis methods. 41, 42 In order to compare the crystallinity and the average crystallite sizes, full width at halfmaximum (fwhm) values were obtained for the (101) 
Research Article dominant reflection planes for the best AZO, GZO, and AGZO powders, which were then used to calculate the crystallite size using the Scherrer equation. 43 Furthermore, the unit cell volumes were calculated using GSAS and EXPGUI, and they are shown in Table 1 .
Highly crystallized polycrystalline materials with larger grains show strong XRD reflections and a narrow fwhm. 44 AGZO and GZO showed similar fwhm values and crystallite sizes. The higher fwhm and the lower crystallite size in the AZO powder imply reduced crystallinity in AZO compared to GZO and AGZO. The wurtzite structure of ZnO has a hexagonal unit cell with two lattice parameters, a and c. 45 ZnO lattice parameters (a = 3.2520 Å, c = 5.2101 Å) and their ratio (c/a = 1.6021) are similar to the values for the hexagonal close-packed (hcp) crystal structure. A variation in the lattice parameters and the unit cell volumes is observed after doping, due to the difference in the ionic radii of the dopants compared to that of Zn 2+ , as explained in detail later.
Electrical Properties of Pellets. The resistivity (ρ), Hall mobility (μ), and carrier concentration (n) values of microwave annealed and conventional radiant annealed, singly doped pellets are summarized in Figures 9 and 10 . The electrical properties of the as-synthesized powder pellets could not be assessed due to the low robustness of the pelleted samples. Therefore, postsynthesis heat treatment was carried out to densify the pellets, and improve their interparticle connections and mechanical stability. 20 The resistivity of the pellets decreased upon increasing the doping content up to a certain amount, but further addition of dopants gave rise to a higher resistivity. At the dopant content of 1.5 at. %, both AZO and GZO pellets gave the lowest resistivity of 4.4 × 10 −3 and 4.3 × 10 −3 Ω·cm, respectively, after the microwave postsynthesis heat treatment. Interestingly, the resistivity values of the pellets obtained from both heat treatment methods were comparable.
An increase in the carrier density from 0.5 at. % to 2.5 at. % dopant content of singly doped pellets was observed after the microwave heat treatment. This phenomenon is understood as an effect of increasing the amount of free carriers by substitutional or interstitial incorporation of Al 3+ and Ga 3+ in the ZnO structure. 46 The mobility of the carriers in highly doped pellets was seen to decrease, coinciding with lower conductivities. This could be a result of carrier−carrier scattering and ionized impurity scattering, which could potentially take place at higher carrier densities ≥10 19 cm 3 .. 47, 48 For conventional radiant annealed AZO and GZO samples, the carrier density peaks at 1.5 at. %, then decrease upon further doping. This effect is most likely due to the difference in heating time required for the two annealing techniques used in this work. Microwave annealing was carried out for 90 s in the reducing atmosphere of 5% H 2 /N 2 (∼O 2 5 ppm), while the conventional heat treatment was carried out for much longer (3 h). During the longer conventional heat treatment, there is a greater chance of forming oxygen interstitials, by diffusion of trapped O 2− species (usually found at the surface of grain 
Research Article boundaries) into the crystal lattice, which may unfavorably affect the carrier density. 49, 36, 50 At the same time, the larger crystallite size formed by the longer heating time leads to a decrease in the grain boundary scattering and an improvement in the charge carrier mobility values. 46, 51 The effective doping of metal ions into ZnO plays a key role in improving the electrical properties of doped ZnO materials. The dopant substitution into the ZnO structure can be affected by the ionic radii of the dopants (r(Zn 2+ ) = 0.74 Å, r(Al 3+ ) = 0.54 Å, r(Ga 3+ ) = 0.62 Å) and the Madelung energy. 52, 53 As the ionic radii of Al 3+ and Ga 3+ are both smaller than that of Zn 2+ , the Al−O (1.81 Å) and Ga−O (1.90 Å) covalent bonds are shorter than the Zn−O (2.00 Å) covalent bonds in the powders. 54 Therefore, increasing the dopant substitution can produce more crystal strain within the ZnO lattice, boosting the Madelung energy, making the structure unstable. Thus, a "saturation" point exists, beyond which the addition of further dopants, via the increase of the dopant concentration, could have a detrimental effect on the crystallinity. 55 Furthermore, due to the poor solubility of dopants in the ZnO structure at higher dopant levels, it is possible that segregation of a small secondary phase of nonconductive Al or Ga oxide is formed at the grain boundaries (of the respective doped ZnO material), which may lead to the increase of resistivity seen for concentrations above 1.5 at. % (Figures 9 and 10) . 56 In the case of AGZO, it is possible that the simultaneous introduction of both dopants in the lattice structure may lead to a compensation effect, whereby the difference in size of the two dopants helps to reduce some of the crystal strain, in turn allowing greater dopant solubility in the ZnO structure. 57 This improved doping of Al and Ga into the ZnO structure could reduce the formation of interstitials, nonconductive oxide phases, and the accumulation of dopant elements, enhancing the electrical properties in AGZO. Correspondingly, the codoping leads to a more pronounced drop in the resistivity (5.6 × 10 −4 Ω·cm) compared to the single doped powders (Table 2) . Table 2 summarizes the electrical properties of pelleted microwave-synthesized AGZO powder samples after the postsynthesis heat treatment. The lowest resistivity values of 5.6 × 10 −4 Ω·cm and 6.1 × 10 −4 Ω·cm were observed for the pellets annealed by microwave and radiant annealing methods, respectively. As mentioned in the previous discussion, the reduced resistivity in AGZO is possibly due to the exceptional charge carrier properties achieved by the effective doping, with a minimal effect on ZnO crystalline lattice structure, as evident by the XPS and XRD analysis.
Thin Film Fabrication. In order to establish the practicality of using the conducting nanoparticles as TCO coatings, thin films were fabricated by the AACT technique. The surface morphological images of the AACT-deposited AGZO films are illustrated in Figure 11 . The images indicated that the deposited films showed a good surface coverage with fused AGZO nanoparticles deposited at 400°C. The best conductivity was achieved for the thin film coatings fabricated using codoped AGZO powders with the optimal doping levels of 1.5 at. % for Al and Ga. Electrical properties obtained by the Hall effect Table 2 . A film resistivity of 5.7 × 10 −3 Ω·cm was observed (for the film thickness of 500 nm) with a transparency of 90% in the visible region of the spectrum as shown in Figure 12 . As discussed previously, the conductivity is a concerted effect between the carrier concentration and the Hall mobility of donors. Hence, the variation in the resistivity of the thin film compared to the AGZO pellets is possibly due to the drop in the carrier density. A similar behavior has been observed by other groups for the sputter-coated films at temperatures above 250°C. 58, 59 According to their reports, it is possible to lose zinc species via re-evaporation or dopant migration to the grain boundaries. Thus, it forms small regions of nonconducting oxides rather than remaining as a dopant, which conversely act as scattering centers. Both influence the carrier density unfavorably, causing an increase in the resistivity. Furthermore, this could also create defects in the crystal structure, adversely affecting the crystallinity. We believe that a similar phenomenon is causing the drop in the carrier density, hence the increase in the resistivity in the thin film compared to that in the AGZO pellet. XRD analysis shows that the ZnO thin film grows in the wurtzite phase, preferentially along the c axis with a prominent peak from the (002) plane ( Figure S3) . 58 No impurity phases were detected in the XRD pattern of the thin films. It was also noticed that the intensity of some of the ZnO reflections decreased after the thin film fabrication, indicating an alteration in the crystallinity and further suggesting that higher deposition temperature could be the cause of the reduced carrier density. The film adherence was assessed by employing the standard scotch tape test. Successful test results confirmed that the thin film is mechanically stable and well adhered to the glass substrate ( Figure S4 ).
■ CONCLUSIONS
Al-doped ZnO (AZO), Ga-doped ZnO (GZO), and Al, Ga codoped ZnO (AGZO) materials were successfully synthesized by a single-step microwave-assisted method. Studies conducted on all three pelleted powder samples indicate that codoping leads to a more pronounced drop in the resistivity (5.6 × 10
−4
Ω·cm) compared to the singly doped powders, which we propose is due to the exceptional charge carrier properties achieved by effective doping, with a minimal effect on the ZnO crystalline lattice structure. The electrical properties of all samples illustrate that comparable resistivity values, for both singly doped and codoped ZnO pellets, can be obtained via the energy efficient, rapid (i.e., 90 s) microwave postsynthesis heat treatment rather than the long (i.e., 3 h) radiant annealing method. This could bring significant scientific, economic, and environmental benefits for industrial scale-up by saving costs and time. The highly stable nature of the microwavesynthesized nanoparticle suspensions means that they could be useful in preparation of ink formulations for inkjet printing. As a proof of concept, transparent conducting thin films were fabricated via a simple aerosol-assisted deposition technique using AGZO nanoparticles. The films exhibited a visible transmittance of 90% and a resistivity of 5.7 × 10 −3 Ω·cm. This study shows that there is significant potential to develop microwave-synthesized Al, Ga codoped ZnO as a promising alternative transparent conducting material, which is suitable to be used for both physical and solution processed thin film fabrication to make TCO coatings benefiting many applications where alternative TCO coatings are in significant demand.
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